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Abstract
To test for the microscopic magnetic phase separation in the dilute magnetic semiconductor Ga1−xMnxAs sug-
gested by low energy muon spin rotation measurements[1], we present a detailed analysis of the amplitudes of the
8Li β-detected nuclear magnetic resonance in an epitaxially grown thin ﬁlm of x = 5.4% Mn doped GaAs on a semi-
insulating GaAs substrate with magnetic transition temperature TC=72 K. The spectrum at 100 K corresponds to 73%
of the full room temperature amplitude, and at 60 K to about 62%. The 11% loss of signal through the magnetic tran-
sition is much smaller than that ∼ 50% found by low energy μSR[1], and may be entirely due to an amplitude change
intrinsic to GaAs. This lack of evidence for phase separation is, however, consistent with the full volume fraction
magnetism found by a second low energy μSR measurement on a diﬀerent sample using weak transverse ﬁeld[2].
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1. Introduction
The discovery of magnetism in Mn doped GaAs[3], has propelled the ﬁeld of dilute magnetic semiconductor
(DMS) into an extremely active branch of material science over the past decade, spanning demonstrations of out-
standing functionality, such as spin injection[4], to the interplay between magnetism and localization[5]. However,
despite extensive investigation, the origin and control of ferromagnetism in DMS are still controversial. For example,
based on low energy μSR (LEμSR) experiments, it was proposed that the ferromagnetic state is nanoscopically sep-
arated into comparable volumes of ferromagnetic and paramagnetic phases[1]. In contrast, Dunsiger et al. found no
evidence for phase separation in their samples[2] also using LEμSR. To address this controversy directly, local mag-
netic probes are essential. Here we use low energy implanted β radioactive spin polarized 8Li+ as a local magnetic
probe to seek evidence for magnetic phase separation in GaAs:Mn.
The 8Li spectrum observed in a preliminary work at 50 K[6], with 8 keV implantation energy, consists of two
resonances; one narrow, with width consistent with pure GaAs[7], and one much broader and centered at a lower
Email address: susan@phas.ubc.ca (Q. Song)
Available online at www.sciencedirect.com
Open access under CC BY-NC-ND license.
 Q. Song et al. /  Physics Procedia  30 ( 2012 )  174 – 177 175
frequency. The systematic depth dependence shows the broad line is associated with the Mn doped overlayer, and
the narrow line with the GaAs substrate. Quantitative comparison with Monte Carlo predictions of the implantation
proﬁle, however, reveals the narrow line persists to unexpectedly low implantation energies. We suspect this is due
to implantation channeling[8] of the probe 8Li+ ions that is not accounted for in the simulation. From this data
taken using a pulsed rf mode (see below), we could not put a quantitative limit on the existence of other phases,
because of the lack of an absolute calibration of the resonance amplitude. Unlike μSR, β-nmr does not yield a direct
measure of the magnetic (or nonmagnetic) volume fraction, since the amplitude is controlled by a combination of
factors, including the spin lattice relaxation rate (1/T1), the resonance linewidth, and details of the radiofrequency (rf)
magnetic ﬁeld used to observe it. However, with high enough rf power, the resonance may be saturated, providing a
means to calibrate the full amplitude. In this paper, we analyze the amplitudes from both pulsed and continuous wave
(CW) rf measurements, and we conclude that there is no evidence in our data to support phase separation.
2. Experimental
The β-nmr experiment was conducted at the Isotope Separator and Accelator (ISAC) facility at TRIUMF using a
highly polarized radioactive 8Li+ beam with a typical ﬂux of ∼ 106 ions/s in a beam spot ∼3 mm in diameter. The beam
is decelerated from 28 keV to 8 keV before implantation into the sample. From a simulation using SRIM2006.02, 8
keV implantation corresponds to a mean depth of 46 nm with a distribution half width of 24 nm. The 8Li is spin 2,
with lifetime τ=1.21 s, gyromagnetic ratio γ=630.15 Hz/G, and quadrupole moment Q=+31.4 mb. We measure the
resonance with a continuous beam of 8Li+ in a static magnetic ﬁeld H0=1.33 T. The rf ﬁeld has a variable amplitude
and may be applied as (shaped) pulses or as continuous wave. In the pulsed mode, a pulse shape is used that uniformly
irradiates a sharply deﬁned frequency band. Furthermore, with suﬃcient power, the eﬀect of this rf pulse is power
independent[9]. The pulsed rf mode is better suited to narrow resonances and results in a resonance with the intrinsic
lineshape up to the frequency resolution determined by the pulses[10]. On the other hand, in the CW mode, the reso-
nance is generally power broadened (convoluted with a power broadening Lorentzian), but much broader resonances
are observable and the resonance amplitude is more easily interpreted. In both cases, the rf causes the 8Li spins to
precess rapidly perpendicular to the rf ﬁeld, eﬀectively destroying their polarization, so that the signal appears as a
loss of asymmetry. Details of the spectrometer and continuous wave measurement are discussed in Refs. [11, 12].
The sample is a 180 nm thick Ga1−xMnxAs (with x = 0.054) ﬁlm epitaxially grown on a 8.5 mm × 6.5 mm
semi-insulating (100) GaAs single crystal substrate in a Riber 32 R&D molecular beam expitaxy system and subse-
quently annealed at 280◦C for 1 hour. More information on the epitaxial growth can be found in Ref.[13]. Low ﬁeld
SQUID magnetometry was used to determine TC= 72 K, and the Mn site occupancies were determined to be 74.5%
of Mn at Ga substitutional sites, 21.5% Arsenic interstitial sites, and 4% in nonspeciﬁc “random” sites[13]. Transport
measurements indicate this ﬁlm is metallic with low temperature resistivity ∼30 mΩ-cm.
3. Results and Discussion
Fig.1 shows the resonance spectra of 8Li+ in CW mode at full beam energy (28 keV) and at two temperatures, 30
K and 300 K. The two sets of resonances (up and down) correspond to two 8Li polarizations, parallel and antiparallel
to the beam. Unlike μSR, the polarization of the probe is achieved artiﬁcially using optical pumping with circularly
polarized light, making it easy to collect both polarizations. The ﬁrst factor inﬂuencing the resonance amplitude, the
temperature dependent oﬀ-resonance baseline, is apparent in the ﬁgure. The baseline (steady state polarization) is
determined by the beam rate and the spin lattice relaxation, so any temperature dependence of 1/T1 will aﬀect it[14].
Simply normalizing to the baseline , i.e. the diﬀerence between the two polarizations, at each temperature accounts
for this systematic eﬀect.
At 28 keV, the 8Li+ penetrate the Ga1−xMnxAs layer and stop in the GaAs substrate resulting in a single resonance,
whose width is close to that in GaAs[7]. At 300 K, the resonances from the two polarizations meet, indicating the
resonance is saturated, i.e. the rf power is high enough to destroy all the 8Li polarization. At 30 K the same CW
rf is not suﬃcient to achieve saturation even though the resonance is somewhat narrower. This behaviour was also
observed in semi-insulating GaAs[7]. It may be due to a fraction of 8Li+ that stops in disordered sites, e.g. near
implantation related vacancies. The resonance from such sites is broadened by quadrupolar eﬀects and may be too
broad to observe, as has been found in β-nmr of 12B implanted in ZnSe[15].
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Figure 1: Left: The CW β-nmr spectra in the GaAs substrate (28 keV implantation) at 300 K (black squares) and 30 K (blue circles). Only a single
resonance is resolved. At 300 K, the resonances from the two helicities meet, indicating that the signal is fully saturated. Right: Normalized CW
β-nmr resonance spectra at 8 keV implantation energy at diﬀerent temperatures. 8Li+ in the substrate produces the narrow resonance, while the
broad resonance (shoulder on the low frequency side) originates in the Ga1−xMnxAs thin ﬁlm.
At a lower implantation energy (8 keV), the analogous behaviour of the CW amplitude in the Mn doped layer is
shown in the right panel of Fig. 1. The two resonances in the spectra below room temperature are due to 8Li+ stopping
in the Mn doped layer (broad, negatively shifted) and in the nonmagnetic GaAs substrate (narrow)[6]. Because of
power broadening, they are not well-resolved here, with the broad line appearing as a low frequency shoulder. At 300
K, the spectrum is not saturated, even though the width is comparable to that in the substrate. Similarly the lack of
saturation here may be due to 8Li+ stopping in disordered sites. In this case such sites may include those neighboring
the magnetic Mn++ dopants which cause both quadrupolar and magnetic eﬀects in the 8Li resonance. We ﬁt the data
to the sum of two Lorentzians (curves in Fig1), i.e.
A(ν) = Ao −
⎡
⎢⎢⎢⎢⎢⎣
Asubσ2sub
4(ν − νsub)2 + σ2sub
+
Amagσ2mag
4(ν − νmag)2 + σ2mag
⎤
⎥⎥⎥⎥⎥⎦ (1)
where Ao is the baseline, and νi,σi and Ai are the resonance positions, width and amplitudes, with i = mag and sub
denoting the broad line in the overlayer and the narrow substrate resonance, respectively. At room temperature, a
single Lorentzian was used.
To account for the eﬀect of 1/T1, we ﬁrst normalize each spectrum by dividing it by Ao. Temperature dependent
line broadening also aﬀects the amplitude, so we integrate the normalized spectrum over the frequency range of the
data to obtain Aintnorm, the integrated amplitude, that provides a measure of the corresponding
8Li+ fraction. The Aintnorm
is then expressed as a fraction of its value at room temperature (and 8 keV), where we have full saturation at least
for the fraction of the signal in the substrate. Using this procedure, Aintnorm at 100 K corresponds to 73% of the room
temperature (8 keV) value, and at 60 K to about 62%. Thus, through the transition, the loss of signal corresponds to
only about 11 % of the 8Li+, much smaller than found by LEμSR[1]. An intrinsic change in the amplitude of the 8Li
resonance may account for much or all of the amplitude change here.
Although the CW resonance amplitude is easier to interpret, we have a much more extensive temperature scan
using pulsed rf. Here we present an analysis of these amplitudes. First, in the pulsed mode, the resonance data is
the step in the polarization caused by the rf pulse at that frequency, so there is no direct information in the baseline
on the steady state polarization that still determines the overall resonance amplitude. We ﬁrst ﬁt the spectra data
to Eq. (1), and separately integrate the narrow and broad components to yield the integrated amplitudes Aint (Fig.2
left). Note the substrate and overlayer amplitudes are essentially equal below 150 K. To account for λT = 1/T1,
we use relaxation rates (for each component) obtained in separate time diﬀerential experiments[16]. We multiply the
integrated amplitudes Ainti by (1+λ
T
i τ)/(1+λ
300K
sub τ)[14] to get A
norm
i plotted in Fig. 2 right. This essentially normalizes
the amplitudes to the substrate signal at 300 K. ¿From this we see that the substrate fraction is only about ∼10% at
100 K. Above 200 K (and at the lowest temperature, 6 K), the overlayer signal cannot be resolved, and the single
Lorentzian ﬁts are treated as originating in the substrate, so these points represent only a lower limit for the total
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Figure 2: Left: Integrated amplitudes Aint from the pulsed rf data as a function of temperature. The total integrated amplitude Ainttot is constant below
150 K except at 6 K where the resonance in the magnetic layer is too wide to be detected. All integrated amplitudes change smoothly through TC .
Right: Temperature dependence of normalized amplitude Anorm weighed by relaxation λi rate in each layer. 8Li in the Ga1−xMnxAslayer relaxes
much faster than than in the substrate[16]. Therefore Anormmag is scaled much larger than A
norm
sub and is dominant in the total normalized amplitude
Anormtot as expected from the 8 keV implantation energy.
amplitude there. We note the amplitude scaling used in Ref. [6] only applies for λτ  1 which is the case for the
overlayer but not the substrate.
The amplitude Anormi should be a measure of the relative fractions. Most importantly for phase separation, the
integrated amplitudes evolve smoothly through TC . In the proposed phase separation scenario[1], one might consider
whether the narrow substrate resonance contains a signal from 8Li in regions of the overlayer that remain paramag-
netic. This is inconsistent with the depth dependence that shows the narrow signal disappears completely at lower
implantation energies[6]. Moreover, 8Li in nanoscopic paramagnetic regions within the Mn doped would still expe-
rience a large demagnetizing ﬁeld and thus would shift with temperature, in contrast to what is observed in Ref.[16].
On the other hand, if either of the two phase separated regions was unobserved in our spectra, we would expect to lose
some amplitude at the transition. The continuity of Anormi through TC thus also shows no evidence of phase separation
in this sample. This result is, however, consistent with the full volume fraction magnetism found in LEμSR in samples
with a range of Mn concentrations encompassing that of the current sample[2].
4. Conclusions
Although β-nmr does not provide a direct measure of the magnetic volume fraction, we can use the CW rf spectra
to make a reasonable estimate. We can also use the pulsed rf spectra weighted by the spin lattice relaxation rate to
show these fractions do not change abruptly at TC . The results both show no evidence for magnetic phase separation
in this sample. More samples with varying Mn content and TC should be studied to explore this behaviour further.
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